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ABT2’BACT

Internal boundaries in multlphaae flow greatly

complicate fluid-dynamic and heat-transfer deacri~

tiona. Different flow regimee or topological confi&

ulatione can have radically dlnnimilar interfscial

and wall maas, momentum, snd energy axchangcm. To

model the flow dynamica properly requires ● eclmaceo

of these rates. In this paper we define the common

flo[l regimes for gas-liquid oyatems and describe the

technique~ used to ● stimate the extent of a parclcu-

lar regime. AIBo, we delineate ~he current

computel -code prvceduren and introduce a potentially

better ❑ethod.

NOMENCLATURE

A - flow ● rea, mz

C * COlliBIOn velocity, WIU
D = diameter, m

f = colliejon frequency, I/t

S - 8raviLacional force, ❑ /B2
h - ●qullibrlmm height of liquid i I. ● stratified

flow, m
N - number denmlty, lln’
S - source term, l/m3t

t- ttm-, n

U - critical velocity, m/J
v- velocity, mln

a = vapor volume fraction

P = density, kg/m3

Subtccripts—-.
b - buhhle

8 - ,40B
1 - liquid

n - ontlcy

10 INTRODUCTION

m. aalmtence of one or ■ ore tluccuating

internal houndmrlen b~twe~n ?hasam o.’ ccmp{lner n It

the importnnt anl~ect thnt dlffercnrtmr~n raul.ipha~a
from slnglrpl}ame flow. If mccurar~ prediction of
f 1I]w rv(blu lion nrw requir~d, WF munt ● stlmat~ thm

f low t[lpol,lgv. In thin paper, wr g~ncrally consider
Bam-llquld Intrrnml flown but many O( our cumcmntn
*IH(l could ●pply lL1 ●olid pmrticlam in * flowlnR

fluid nr 10 Immlarlhlc llquid-llqu!d cymLamJ.
in principle, if we can write .he local lnmtan-

film in the 8hea’,’ing procebs MY produce

10]0 dropletm of vaqing ● izea per cubic meter, we

can ~ke sccurmce prediction only for the ● ost

●lecsntaty ca-eo.
lherefore, in momt problemn of interent ~ uae

nimplifii’d ● rea or time-averaged field aquatiohm (~)

or a lumped -et of balance lawa. fiua, ● fl-
topology specification that cann~t be baaed complete-
ly on the moot fundamental relationohlpm must replace

the information that ia lost in the ●veraging
proc.~s. The interfaclal nurface area will b? orders
of magnitude larger for liquid concained in droplet

form than for the same quantity of liquld depo-lted
entirely in ● thir, film on ● p!.pe wall. This
increaae in surface ● rea can ● ffect
interracial

grdatly the
heat mass ● nd ❑ omentum trannfer ●nd,

hence, the overall flow dyriamica.

11s FLOh’ FlEGI!4ES IN GA-LIQUID FLOWS

He have ● ncrlbed varloun adjectl-+e~ to the flow

patrernn obcerved during ●xperiment to p~ovide some

qualitative information. When the ahapc of the
Interface 1S determined ●xperimentally, a fundamental
difficulty ● r,intu. Experimentall-Lc detatmlne moat

flow regimes V1OW.11Y but have deLec=lned the topolo-
gy by conductance nrohen (~), x r.syu (~), ● nd prem-
aure dropn (~). Some ●xperlmentallatm have mJstgned

imaginative n~mes to their obeervationm but for ou r
purpoee~ we caternorizr the flow by the following
bncic ●et.

A. nuhhly Flow— _______
Surfmcc tunmlrrn [andn Ln produce ●phericmi

B. slu~ Flow— . ---- —-
SILIRS rc~ult from bubble coaleoc?nc~. 4! vapor

frart Ionn Rreaf*r t han (),3 for low- ● nd ❑ odmrate-

Blj?rd f!ow~, ttIe huhhle parking den~ity becnm~a so

Rreat that coalencmncv vlr[unlly I- ● nmured ● nd lar~o

nlu~n form. H~Jw?vrr, in ● oat Camwm, ●all buhblam

that trail bc!jlr, d the ●lllun ● ffect inc?rfaclal

rmart ions.

c. ~urn Plow—.———---- . ..— —
As the vuluma frartlon incroaaoa, there may b?

ln~ufflciont liq,jld to ●u;}port tha llquld pluR [ha!

aeperatem thm vapor ●lURa, ThQ remultant, often

osclllarnry, flow ham convolllt~d ●trln~m nf varnr ● nd

liquld intcrmlxmd ● nd ~enel. ,, 1- named churn-
turbulent fluw.



. .

D. Arrnular+flat Flow

At higher vapor frmctlonn, a liquid ●nnulun may

form on the c~nduit w811. If the vapor velocities

become high ●nough, droplets MY farm in the center
of the fl=.

E. Separated Flow
If th? flw occuro iL ● horizontal plane ● t low

vapor veloci iem and moderate vapor fraction-,
neparated or wavy-oeparated flow may occur; that la,
the flow may neparate into ● vapor layer ● t the top

of the pipe ● nd a smooch or wtivy, fluctuating liquid

film ● t the bttom. Mso, ●xioymmetric flowc not-
mally are lot ~irrtained ir. horizontal pipeo for ● ny

flow patterno except at very hiEh tlow ratea.

111. Techniques USED TO SPECIFY THE FLOW REGIME

The firet technique used to specify flow
regime., ●nd the one th~t !a meet widaly used today,

ie the flo-rsgime map; that 16, the MMp ●howe

regions that repreernt traneitiunm between flw
topolc~iea ● nd thUL genertilly ● re iunctiona of ● t

leant the liquid and vapor flow ratea. Hepd may be

based on dimenulonleea or, more commoIIly, dimenoionel
quantities. Scott (5) has mo~!ified one of gaker’a

●arlieet maps (6) f~r horizontal ●diabatic flow.

Handhane ● t ●l: (7) have ● fo-mulatlon chat uaaa
oiapler varlableo. ‘However. these techniques, which

the Ualli.e correlation (Q) often ie used to ●stimate

the flooding point, it aumetimee in inappropriate.
If the superficial vapor velocity increaaea

●bove the flooding limit (for a fiacd liquid flow),

the liquid velocity reverses, which apparently i, the

transition point from churrrturbulent to ●nnular
f:w.

Taitel and Dukler (~) Identified five baaic
flow regimee for horizontal pipes: otratlfied, wavy
stratified, intermitrento dimperned hbbly, ●nd
annular. The intec_mittenL flow included ● ny regime

with ●longated bubblern. If the bubbles almoot filled
the tube completely, they were celled rnlugo; if the

bubbles did not fill the tube, they were called
plugs. Their basic procedure ●tartad with a strati-
fied flow ●nd ●xamined the mechaniame that cauaed
wee generation ●.ld liquid-plug formation. For the
tranaitlon between stratified ●nd intermittent

●

flow,
critical Froude rrrnnber baaed on the vapor valocity

wan the important quanLity.

/2)

●pply to fully developed (if any twc-ph~se flow can
be considered fully developed) steady-state flowo, ?

where h, , ●nd dAtld:\ ● re derived from ❑ ennura[ ion
relatl.onnh pa

●ccount for repid tranmiant ●ffects, entrencc
for an

cuneot
undlnturbed scratifird flow.

This transition in the moat Important of thr five for
a(fecta, or L+e manner In which a discontinuous phaue

10 introduced into ●
calculating

cent inuoda
many

pheee. At bamt,
horizontal pipe problems, In

Lhene meFS are Ruid?s to flow transitions;
nuclear-reactor-mafety oystema codem, th[a tranmlt ion

they ● re

baaed an innlfflclent phyuical char~cLeric:lc~ ●nd,
la [he moat important for horizontal-pipe calcula-

thuri, cannot be uned to ●xtrapolate b~:yond the data
tions becaune the interracial drag chnnge~ dramacl-

raIIMI, ●vailable to generate the ploca.
tally when lnrge waves develop. Wcn thin tranultion

During th? lat.c decade,
occurm,

anmlyaLa have tried to
the fluw from [he reactor veaael to tlIr titenm

develop mecha,~inric modeln to predicc flfiw tranei-
genarator can change from countercurrent to cocur-

ttonm. Il,tm ●nproach has the nrincitrnl advantaue
renL, caumlnh ● chanme In the coollnu mecllaniem.

. .
thaL 1[ ccn be ●pplied to many flutda ●nd fl~w

ccrndicirrnu
Iv.

●l:hough it still MY not ccmputz repld
C():4PLlTEk-CL)DE PROCEDUPF,S FOR CALCULATING FL(W

trnnolent nnd entrance ●ffects ●ccurately.
REGIMES

Radovlch mnd Mofrfiim (~) proposed ● problcm In
which Lhr huhblt- had M d!ameter of Dh, ●xiet*d in ●

cuhlr lattice, and had n veloclcy c, rrlatlve tr ●arl,
ctl,er. l%~y calculated m cnlllalor. frequency f that
la prOpOrLionml to F,

F - —.-..-.---! .— .
!().74ilfi

‘bl~ -1;5

(1)

Ccrmputar codes u-cd to annlvze two-phnnt flnw
prvblema can solve t h? haslc ma~:$, mumrnLum, ●nd

●nergy f!eld rnqurntionn in complicated ~eomv[rir~.
Howcwer, becn,lam tll~ lnt~rfnclnl ●achanrnv terruk I !1
thr ❑ ore cnmpl lcatvd mc)dclm can vary wid~lv MM n



a bubbly flow in uued: wherea’a, in che ranse
0.3 < a < G.5, t’.e vapor coalesces linearly with the
void fraction into uluga aa long as the overall MBn

flux lo below ● critical vmlue. The ●rea,

0.5 ( a ( 0.75, la a churn region that has a draf,

located intermediately between ● bubbly-filug ●nd an

annula-ist uhear. lf a > 0.75, either ●n annular
or annularmiaL flow with ● n entrainment ia used to

determ.inr the percentage of liquid contained in th~

core in droplet form. If the flow occurs in ● hori-

zontal pipe, Taicel and Dukler’s analyoie (Eq. 2) iB
used to determine if a atratified flow ●xiots.

M though the model la extremely simple, reasonable

reaulta hsve been obtained for a wide variary of
problems. Figure 1 Illuncratea theoe relatlonohipr.

However, ● ❑ore lntereat:ng approach replacea
the current flo-regime determination with differer

Lial aqUa[iOn@ for interf8r.ial SUrf8Ce ● rea Or ●ntity
nmber density.

Numberdenaicy ●quationa for the nmber of

●ntities of the diacontlnuoua pha.~e/unlc volume could

be written in the form,

(3)

‘ih e source term S covers many effects ●uch =s

Renerationo coalernrrnrs.: or d!s:l,pear.nce of the
enllt[r6; 81i0, 1[ might involve dlfferenLial termm.

TIIC clonure or ctinntltutlve ●quationn would uae the

remulting nwnber den~lty N to calculate the

Interfaclal lnteraction~.
It lo ●xcept ionally ●any to ●dd on- or more

●quatlonu O! rhe form of Eq. (3) to the ●eml-impllcl[
numerlcml ●the.nc (16) uned in m.4ny ●xisting codes.

TIIe baulc calcula=onal t~chnique involvan the

mc~lutlon of flcld ●qu~[lonn by whatevar method
rurrer, Lly in in unc and then pcrforma ●n ●rrpllclr
palim 0 n Eli . :3) Uwl>lg the updnted Veloclctrm v

pr,,ducrd during IIIC time nt?p ● - dell ● m the updated
v.,rlahlem in the mourc? trrm S$ Then, thr follow infl

LJTM ntrp would umr Lhr renull ln~ number denmltio~ to

C411(,11H[F tllr Inl,mrfa[ial tern~. TTrQ Incroa-e in

rIIn! In very m.KIrmt fOr any larflr. cnmpucer pruuram
( II*I ml rendy (-all n<)lvr H cormIl icatad fiald-
ct,nmtllul Ivr ●quatlnn ●et.

.
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Conaider the problem where ●ubeooled liauid if a
boiler tube la heated ●uch that bubbles fo~ ●nd
●ventually uoalence into alugn. h vaporitntion
continues, the void f~action and Lhe vapor velocity

increaae and the aluga krreak do~.~ Into ● chum
turbulent regime and finally into ● n ●nnula~isc
regime. ~ia wouln be reflected by dramatic changem
in the number density for ● one-dimensional repreatn-

tation of the tube would reflect theme dramatic
changes.

M fore the point of net vapor generation, the

term N ●nd S vould be zero. At the point of ❑e t

vspor generation, which could be determined by the
Saha-Zuber criterion (15), S would become Sreatez
than zero end Vn 1-wou d becnme V . Hnwuver, ● t this
poi.lt ● real difficulty still exi~tm. A.lchough tiata
on the nm>er of ●ctive nucleation ●icta fr
heterogeneous nucloatinn ● a well ● s data on the

frequency rate uf bubble produccirrn at theme cit.ua
● re available, both ●urface finish ●nd the purity c.f

the working fluid cen affect theac terms graar.ly. It
may be impoaaible to ●pacify ● ●ource term tor bubble
generation without using one or more trijuotable

parameter. b the bulk of the fluid reachea the

aeturatton temperature and the vaid fractinn
incrtaetm, the number deneity alao will increaon.

However, coalaocenot w1ll occur ● a the vapor
fraction grown and Eq. (1) could be ueed aa ●

atartlng point co derive ● negative courca term for

thla ●ffecc.
A churn-turbulent region no~lly ●eparatea a

contil;voum-liquid from a continuous-vapor domain.
Thus, the antire concept of ●ntlciea with specific

geometric characterlficlca wy become meaninglee~ i 11
thlm flow topolo~y. We Lhirrk that ir, wy be

plaunible to write both wipo.i and Alquid n-ber-
denul[y ●quatlor.u for this ragfme with the under-
●candlng that theme nmmher dennittem may be uacful
only to detect [he ●xintance of chin particular
chaotic topology, not to calculecm the interfacla!
relat:o.lahlpm.

Finally, a- the va~or number dena!cy approaches

unity, the trnnm!tlon frm churn-turbulant to annular
flow In rlBnl)Ielr.. If cntra(nmont in pracont, thsre
wtIuld hc source Irrms in the liquid number-dmnn”.Ly

●quaLlon LO reflect thr ●ntrtlnmrnt ●nd dopomition of
droplat~. Srveral codrs (16) Successfully heve

incurl)oratad eiLh~r numbrr~en~ity or tllterf clal

●urfac~arma tranmport ●luat ionm for t Ile drople[
regim-.

A modrl conmtrurled with intarfacisl-erae or

nmhcr-dcnmlty ●q.lat lon# ●till WOUIL noL ba ● ftlsL-

prlnripl~~ cmlrul~tlonn Hnwavar, It pot-ntlaily
WOUII! provld~ ● mIcl. betLar ●etlmate of th? actual
topllluuy when entrancv or tcmpo~al Offoctm wera
pr=.mnt rend, LIIUS, r{~uld Improvr calculated rwaultm.

Th r ● uurce tarmn for ●quat ions of thl- form still
riced It) b- d~find hut Ih@ pntant ial rowardo for thl~
wffurl arm Srmat.

A study of fluw rc~lmcu ●biolutaly is caaonfitI
to an under-tandinm of tw(~-phmcc flow. without much

fnformetlon only very rr~dc ●mflmatpg of lntarfacial

● nd wall •~chan~em ran bm mado . Atthough S-O

progrmnm ham baon made In provldlna tools to uso In

•~[ima[lng Ihc proper topology, murh effort ●till la

raqul rad to Improve (ho prodtrt lone.

O.rl 0.3 03 L.73 1.0

Vapor Fraction 0

FIB. ) TRAC flo-roglm~ maI
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